Phytate-degrading Enzymes and Their Classification
Phosphomonoesterases are a diverse group of enzymes that encompass a range of sizes, structures and catalytic mechanisms. Based on the amino acid residue in the active site, phytatedegrading enzymes can be referred to as histidine acid phosphatases, β-propeller phosphatases, cysteine phosphatases and purple acid phosphatases (see Mullaney and Ullah, Chapter 7, this volume) . Two classes of phytate-degrading enzymes are recognized by the International Union of Pure and Applied Chemistry and the International Union of Biochemistry (IUPAC-IUB): 3-phytase (EC 3.1.3.8), which initially removes phosphate from the D-3 position of the myo-inositol ring, and 6-phytase (EC 3.1.3.26), which preferentially initiates phytate dephosphorylation at the L-6 (D-4) position. However, phytate-degrading enzymes initiating phytate degradation at the D-5 and D-6 positions, respectively, have been found in nature (Barrientos et al., 1994; Greiner et al., 2000a) . Phytate-degrading enzymes from microorganisms are considered to be 3-phytases, whereas 6-phytases are said to be characteristic of the seeds of higher plants.
Most of the phytate-degrading enzymes studies so far with respect to their pathway of phytate degradation fit into this consideration ( Fig. 6.1 ). However, this is not a general rule, as exemplified by the indication of 3-phytase activity in lupine and soybean seeds (R. Greiner, 2000 unpublished data) and 6-phytase activity in Paramecium (van der Kaay and van Haastert, 1995) as well as E. coli (Greiner et al., 2000a) . However, it is worth mentioning that the 6-phytase activity of plant seeds initially hydrolyses the L-6 (D-4) phosphate residue from phytate, whereas phytate-degrading enzymes from Paramecium and E. coli initially remove the phosphate residue attached to the D-6 (L-4) position. Phytate-degrading enzymes are found in multiple forms, especially in plant seeds. These forms may even exhibit different stereospecificity of myo-inositol hexakisphosphate dephosphorylation, as reported recently for the phytate-degrading enzymes from lupines .
The phosphate residues of phytate are released by phytate-degrading enzymes at different rates and in different order. Independent of their bacterial, fungal or plant origin, the majority of the phytate-degrading enzymes exhibiting an optimum for phytate hydrolysis under acidic pH conditions release five of the six phosphate residues of phytate, and the final degradation product was identified as myo-inositol 2-phosphate (Konietzny and Greiner, 2002) . Dephosphorylation of myoinositol 2-phosphate occurs only in the presence of high enzyme concentration during prolonged incubation. After removal of the first phosphate residue from phytate these histidine acid phytatedegrading enzymes continue dephosphorylation adjacent to a free hydroxyl group. The major phytate degradation pathways of 6-phytases of plant origin and 3-phytases differ only in the myoinositol pentakisphosphate intermediate generated ( Fig. 6.1 ). The two exceptions reported so far are the 6-phytases from mung bean (Maiti et al., 1974) and wheat F 2 phytase (Lim and Tate, 1973) . The microbial 6-phytases, however, generate a completely different set of myo-inositol phosphate intermediates ( Fig. 6.1 ). In addition, an acid phosphatase with phytate-degrading activity was identified in members of the Enterobacteriaceae family, such as E. coli (Cottrill et al., 2002) , Pantoea agglomerans (Greiner, 2004) and E. cloacae (R. Greiner, 2005 unpublished data) , which preferably degrades glucose1-phosphate. These enzymes were shown to hydrolyse only the phosphate residue at the D-3 position of phytate, producing D-myo-inositol 1,2,4,5,6-pentakisphosphate as the sole hydrolysis product.
The alkaline phytate-degrading enzymes from cattail (Typha spp.; Hara et al., 1985) , lily pollen (Lilium longiflorum; Barrientos et al., 1994) and Bacillus subtilis (Kerovuo et al., 2000) yield myo-inositol trisphosphate as the final product of phytate dephosphorylation ( Fig. 6.2) . With the exception of the phytate-degrading enzyme from L. longiflorum, alkaline phytate-degrading enzymes represent the class of β-propeller phosphatases. These seem to prefer the hydrolysis of every second phosphate rather than of adjacent ones, generating myo-inositol 2,4,6-trisphosphate and myo-inositol 1,3,5-trisphosphate as the final dephosphorylation products (Kerovuo et al., 2000) . Recent studies on the phytate-degrading enzymes of B. subtilis 168, B. amyloliquefaciens ATCC 15841 and B. amyloliquefaciens 45, however, point to myo-inositol 2,4,6-trisphosphate as the sole final product of phytate degradation (R. Greiner, 2005 unpublished data) . The alkaline phytate-degrading enzyme from L. longiflorum possesses the conserved active site motifs characteristic of histidine acid phosphatases (Mehta and Murthy, 2005) and generates a myo-inositol trisphosphate as the final phytate dephosphorylation product in a single degradation pathway by preferring removal of adjacent phosphate groups (Barrientos et al., 1994) .
Regulation of phytate-degrading enzyme formation in microorganisms and plants
In plant seeds and microorganisms, constitutive as well as inducible phytate-degrading enzymes have been identified. In microorganisms, expression of the inducible phytate-degrading enzymes is subjected to a complex regulation, but their formation is not controlled uniformly among different microorganisms (Konietzny and Greiner, 2004) . Until now, phytate-degrading enzyme production was studied in some detail only in E. coli (Greiner et al., 1993) , Raoultella terrigena (Greiner et al., 1997; Zamudio et al., 2002) and Saccharomyces cerevisiae (Andlid et al., 2004) . A large increase in phytate-degrading activity was reported in germinating plant seeds and pollen, but the biochemical mechanisms leading to this rise in enzyme activity is still not well understood. ; wheat PHY1, wheat PHY2 (Nakano et al., 2000) ; rice (Hayakawa et al., 1990) ; faba bean, lupine LP11, lupine LP12, lupine LP2 ; wheat F 2 (Lim and Tate, 1973) ; mung bean (Maiti et al., 1974) ; Saccharomyces cerevisiae ; Pseudomonas (Cosgrove, 1970) ; Escherichia coli (Greiner et al., 2000a; Cottrill et al., 2002) ; Paramecium (van der Kaay and van Haastert, 1995) ; Aspergillus ficuum (Chen and Li, 2003) ; Pantoea agglomerans (Greiner, 2004) ; Enterobacter cloacae (R. Greiner, 2005 unpublished data) .
(1) Generates also D-I(1,2,6)P 3 and D-I(1,2)P 2 as intermediates (2) D-I(1,2,4,5,6)P 5 is the final product of phytate dephosphorylation
Regulation of phytate-degrading enzyme formation in microorganisms
In non-limiting media, formation of the majority of the bacterial phytate-degrading enzymes was turned off in exponentially growing cells and started as soon as the cultures entered the stationary phase (Shimizu, 1992; Greiner et al., 1993 Greiner et al., , 1997 Sreeramulu et al., 1996; Choi et al., 1999; Zamudio et al., 2001; De Angelis et al., 2003) . In moulds, phytate-degrading enzyme formation was growth-associated (Vats and Banerjee, 2002) . Enzyme activity started to increase from the beginning of growth and continued to increase up to the onset of the stationary phase.
As synthesis of bacterial phytate-degrading enzymes started as soon as the growth rate began to fall, it was suggested that either a nutrient or an energy limitation, both known to occur in the stationary phase, could cause their induction. Among the nutrient limitations tested, only carbon starvation was able to provoke an immediate synthesis of a phytate-degrading enzyme in R. terrigena (Greiner et al., 1997) . However, phytate-degrading enzyme formation in E. coli was triggered by phosphate starvation, while carbon, nitrogen and sulphur limitation were ineffective (Touati et al., 1987) . A tight regulatory inhibition of the formation of phytatedegrading enzymes by phosphate levels was generally observed in all microorganisms, including moulds, yeast and bacteria, with the exception of R. terrigena (Greiner et al., 1997) and the rumen bacteria (Yanke et al., 1998) , but only rarely could microorganisms utilize phytate as the sole source of carbon and phosphate. However, a small amount of phosphate in the growth medium probably stimulates phytate-degrading enzyme formation by enhancing microbial growth. Phosphate was shown to exert its effect on the synthesis of phytatedegrading enzymes at the level of transcription. The repression by phosphate seems to be less significant with more complex media (Greiner and Farouk, 2005) , although it is not known which specific media components could account for this.
Expression of phytate-degrading enzymes also depends on the nature of the carbon source, Barrientos et al., 1994) . The final phytate degradation product of cattail phytase was identified as myo-inositol trisphosphate (Hara et al., 1985) , but no information was provided about the configuration of the generated phytate degradation products.
the initial pH and the temperature used for cultivation of the microorganisms. Both biomass and enzyme production respond to all these parameters, but temperature and pH for maximal growth and production of phytate-degrading enzymes were shown to be different in some moulds and yeast (Lambrechts et al., 1993; Kim et al., 1999; Sano et al., 1999; Mandviwala and Khire, 2000; Andlid et al., 2004) , indicating a biomass-independent effect of temperature and pH on the synthesis of phytate-degrading enzymes in these microorganisms. No comparable studies have been performed so far in bacteria. In the presence of simple, easily fermentable sugars, strong repression of the formation of phytatedegrading enzymes was observed in several microorganisms, including moulds, yeast and bacteria (Shieh and Ware, 1968; Han and Gallagher, 1987; Lambrechts et al., 1993; Sano et al., 1999; Lan et al., 2002; Vats and Banerjee, 2002; Vohra and Satyanarayana, 2002) .
As with phosphate, an optimal concentration of glucose is also required. Low glucose levels result in low phytate-degrading activity due to reduced biomass production, whereas high levels inhibit enzyme production. However, the presence of glucose causes high levels of phytate-degrading activity in E. coli (Touati et al., 1987) and Lactobacillus amylovorus (Sreeramulu et al., 1996) . The regulation of the formation of phytate-degrading enzymes was not suggested to be due to the carbon source itself, but to a change in the level of cellular cyclic adenosine monophosphate (cAMP). It has been established that a complex of cAMP with a protein called cAMP receptor protein (CRP) plays a central role in activating and repressing the expression of many genes (Saier et al., 1996) . Cellular cAMP levels depend upon cell physiology, including the carbon source in the growth medium. That cAMP-CRP is directly involved in the regulation of the formation of phytate-degrading enzymes was shown in E. coli (Touati et al., 1987) and R. terrigena (Zamudio et al., 2002) . In R. terrigena, synthesis of the phytate-degrading enzyme was downregulated by cAMP-CRP in the stationary phase and upregulated during exponential growth. Synthesis of phytate-degrading enzymes in E. coli has been reported to be downregulated by cAMP-CRP under all growth conditions. In moulds such as Aspergillus niger, formation of mycelial pellets in the presence of glucose or fructose as the sole carbon source was shown to be responsible for the low enzyme yields (Shieh and Ware, 1968; Han and Gallagher, 1987) . Dispersed growth and therefore an increase in phytate-degrading enzyme production could be obtained by using a medium containing a surfactant.
For several Klebsiella spp. it was reported that phytate is needed to induce phytate-degrading enzyme production (Shah and Parekh, 1990; Tambe et al., 1994; Greiner et al., 1997) , but the bacteria were unable to grow on phytate as the sole carbon source. Substrate induction was also found for Mitsuokella jalaludinii (Lan et al., 2002) and several Bacillus spp. (Powar and Jagannathan, 1982; Kerovuo et al., 1998; Kim et al., 1998) , whereas phytate had no effect on the formation of phytate-degrading enzymes in E. coli (Greiner et al., 1993) , Arxula adeninivorans (Sano et al., 1999) and Selenomonas ruminantium (Yanke et al., 1998) . A reduced synthesis of the phytate-degrading enzymes in the presence of phytate was observed even in Schwanniomyces castellii (Lambrechts et al., 1993) . An increased phosphate concentration in the growth medium due to phytate hydrolysis by the phytate-degrading enzymes secreted by the yeast could be responsible for this phenomenon. This suggestion would be in agreement with the observation that wheat and rice bran are excellent substrates for the production of extracellular phytate-degrading enzymes in microorganisms. As phytate in bran is less soluble than sodium phytate, phosphate concentrations are lower due to a slower release from bran phytate, and therefore repression of enzyme synthesis by phosphate is reduced. This ensures a continuous production of phytate-degrading enzymes during the whole fermentation process.
The formation of phytate-degrading enzymes in Pseudomonas spp. (Irving and Cosgrove, 1971) and Klebsiella aerogenes (Tambe et al., 1994) was reported to be significantly induced in the presence of myo-inositol as the sole carbon source, although this was less effective than phytate. In the other Klebsiella spp. studied myo-inositol was ineffective (Shah and Parekh, 1990; Greiner et al., 1997) . Anaerobiosis was effective in inducing phytatedegrading enzyme formation in E. coli (Greiner et al., 1993) and S. castellii (Lambrechts et al., 1993) , whereas aeration had a positive effect on the production of phytate-degrading enzymes in A. ficcum (Nair et al., 1991) .
The presence of calcium ions in the growth medium was found to result in higher extracellular phytate-degrading activity in Bacillus spp. (Shimizu, 1992; Choi et al., 1999) . However, the metal ions are not supposed to induce enzyme expression, but to stabilize the secreted enzyme. Binding of two calcium ions to high-affinity calcium binding sites was shown to result in a dramatic increase in thermostability of the phytate-degrading enzymes from Bacillus by joining loop segments remote in the amino acid sequence. Binding of three additional calcium ions to lowaffinity calcium binding sites at the top of the enzyme molecule turns on the catalytic activity of the enzyme by converting the highly negatively charged cleft into a favourable environment for the binding of phytate (Shin et al., 2001 ). Regulation of phytate-degrading enzyme formation on a molecular level was studied in detail in E. coli and S. cerevisae only.
Regulation of phytate-degrading enzyme formation in Escherichia coli
At least two different phosphatases located in the periplasma of E. coli are capable of accepting myoinositol hexakisphosphate as a substrate. The agp-encoded acid phosphatase (EC 3.1.3.10) hydrolyses only the D-3 phosphate residue from phytate to produce D-myo-inositol 1,2,4,5,6-pentakisphosphate as the sole hydrolysis product (Cottrill et al., 2002) . This enzyme has broad substrate specificity for phosphorylated compounds but demonstrates its highest activity towards glucose 1-phosphate, and it is believed that its function is to scavenge glucose (Pradel and Boquet, 1991) . It appears to be largely synthesized constitutively, although small effects have been noted in regard to the amounts of this enzyme made under various growth conditions (Wanner, 1996) . The appA-encoded phosphatase (EC 3.1.3.26) is highly specific for phytate and sequentially removes five of the six phosphate groups, starting with that attached to the D-6 position of the myo-inositol ring (Greiner et al., 2000a) . Accumulation of this E. coli enzyme is controlled at the level of transcription and its expression is regulated by a complex regulatory mechanism involving several factors (Fig. 6.3) . The appCBA operon contains the genes appA as well as cbdA and cbdB, coding for a putative cytochrome oxidase. These three genes are cotranscribed from a promoter (appC) located immediately upstream of cbdA and the operon, in addition, contains an internal promoter (appA) positioned upstream of appA (Atlung and Brøndsted, 1994) . Both promoters are induced by phosphate starvation and by entry into the stationary phase (Atlung and Brøndsted, 1994) , but the induction of the appC promoter is much stronger than that of the appA promoter. The induction by phosphate starvation has been shown to be independent of the PHO regulon (Touati et al., 1987) , which is involved in the scavenging and specific uptake of phosphate from extracellular sources. No information on the regulation of the appA promoter under phosphate starvation and upon entry into stationary phase is available. In addition, the appC promoter was found to be activated by anaerobic growth conditions (Atlung and Brøndsted, 1994) and carbon starvation (Atlung et al., 1997) . At low glucose levels the cAMP-CRP complex was suggested to directly interact with the appA promoter (Touati et al., 1987) .
Transcription from the appC promoter is dependent on the σ S subunit of the RNA polymerase under all growth conditions tested, specifically during exponential growth, entry into the stationary phase in rich medium, starvation for carbon and phosphate and upon osmotic upshift (Atlung et al., 1997) . It was suggested that σ S affects expression of the appCBA operon directly. That σ S controls the expression of genes responding to starvation, and cellular stress is well established. Therefore, the intracellular concentration of σ S present in E. coli is influenced strongly by environmental factors. It increases upon entry into the stationary phase in rich medium, during starvation for carbon, nitrogen and phosphate (Gentry et al., 1993; Lange and Hengge-Aronis, 1994) , and is increased strongly by osmotic upshift (Muffler et al., 1996) . Although σ S always affects the level of expression from the appC promoter, it is considered to have a regulatory role only during induction by osmotic upshift and upon entry into the stationary phase in rich medium, but the phosphate starvation-induced increase in σ S concentration is not involved in the regulation of this operon.
The expression of σ S -dependent genes does not depend solely on the concentration of σ S in the cell, but additional regulatory factors differentially modulate the expression of these genes.
Many σ
S -dependent genes are also under positive or negative control of other well-known global regulators such as cAMP-CRP, ArcA, AppY and Fnr. The appCBA operon was shown to be a target for the transcriptional activator AppY (Brøndsted and Atlung, 1996) . The induction of the appC promoter by anaerobiosis is fully dependent on AppY, whereas its induction by phosphate starvation and upon entry into stationary phase (Fig. 6.3 ) is dependent strongly, but not exclusively, on this transcriptional regulator. AppY has no effect on the induction of the appA promoter. AppY expression itself is induced by anaerobiosis, starvation for phosphate and carbon, and upon entry into the stationary phase ( Fig. 6.3) , indicating that the increased AppY concentration under these conditions contributes to the increased expression of this E. coli phosphatase. An increase in σ S was shown to be instrumental in the induction of appY during carbon starvation (Fig. 6.3 ).
The stationary phase induction of appY is only partially dependent on σ S , whereas the induction during phosphate starvation and the growth rate regulation is independent of σ S (Fig. 6.3) . AppY-dependent induction of the appCBA operon during anaerobiosis and phosphate starvation seems to be mediated by a combination of increased appY expression and an activating signal for AppY generated under both conditions (Fig. 6.3) . Formate, an intermediate in the mixed acid fermentation, was suggested to be this activating signal (Brøndsted and Atlung, 1996) . However, the appC promoter also seems to be stimulated quite efficiently by AppY under non-activating conditions. In addition, appY expression always increased when glycerol was used as the carbon source. This was not due to a positive regulation by cAMP-CRP, but due to an increase in the doubling time in the presence of glycerol compared to glucose as a carbon source. That expression of appY is inversely correlated Regulation of phytate-degrading enzyme formation in Escherichia coli. P appC = appC promoter; P appA = appA promoter; P appY = appY promoter; cbdA, cbdB = genes coding for a putative cytochrome oxidase; appA = gene encoding a phytate-degrading enzyme; appY = gene encoding AppY; AppY, ArcA = transcriptional regulators; ArcB = oxygen sensor; X = formate; P = phosphate.
with the growth rate was shown previously (Brøndsted and Atlung, 1996) .
The ArcA response regulator, a second transcriptional regulator that is activated by the ArcB sensor in response to reduced respiration, activates transcription of the appCBA operon during entry into stationary phase and under anaerobic growth conditions ( Fig. 6.3 ; Brøndsted and Atlung, 1996) . During stationary phase induction, much of the ArcA effect is by AppY. It is possible that only the weak and early induction of the appCBA operon is mediated by ArcA in an AppY-independent manner. The signal that leads to the induction of the appC promoter upon entry into stationary phase may be primarily due to oxygen deprivation caused by an increase in cell density. AppY and ArcA depend on each other when activating the transcription of the appCBA operon during anaerobic growth. AppY expression was induced immediately by anaerobiosis, a process that is dependent on ArcA. The expression of the appCBA operon does not respond immediately to anaerobiosis but is delayed one generation, possibly due to the lack of sufficient AppY at the onset of anaerobiosis.
Electron acceptors, which can be used in anaerobic respiration, repress the expression of the appCBA operon (Brøndsted and Atlung, 1996) . The repression is particularly pronounced in the presence of nitrate. Since appY expression was not affected significantly by anaerobic energy metabolism (i.e. fermentation vs. anaerobic respiration), induction of the appCBA operon cannot be mediated by changes in the expression of AppY. It was suggested that nitrate repression was partially dependent on NarL, which activates transcription of operons involved in nitrate respiration and represses the synthesis of alternate respiratory enzymes (Berg and Stewart, 1990) . The residual nitrate repression could be mediated by NarP (Rabin and Stewart, 1993) . Alternatively, the residual anaerobic repression by nitrate and the repression by fumarate could be indirect effects of ArcA, as the level of active ArcA is dependent on the respiratory state of the cell.
Regulation of phytate-degrading enzyme formation in Saccharomyces cerevisiae
In the yeast S. cerevisiae, the PHO regulon controls expression of the PHO genes at the transcription level depending on the extracellular phosphate concentration (Lemire et al., 1985) , but it is not known how extracellular phosphate levels are detected by the yeast. The PHO gene family is involved in the scavenging and specific uptake of phosphate from extracellular sources and at least three phosphatases, encoded by PHO5, PHO10 and PHO11, are capable of hydrolysing myo-inositol hexakisphosphate (Andlid et al., 2004) . All these enzymes are extracellular oligomeric glycoproteins with an acidic pH optimum and broad substrate specificity. PHO5 encodes the major contributor to the secreted acid phosphatase activity, whereas PHO10 and PHO11 encode only a minor fraction (Lemire et al., 1985) .
The information about the extracellular phosphate level is transmitted to the phosphatase encoding genes by a set of positive and negative regulatory proteins, which are encoded by at least the following genes: PHO2, PHO4, PHO80, PHO81 and PHO85. Besides PHO5, PHO10 and PHO11, at least the following additional genes are known to be regulated by the PHO regulon: PHO8 encoding a non-specific repressible alkaline phosphatase localized in the vacuole; PHO84 and PHO89 encoding high-affinity phosphate transporters localized in the plasma membrane; GIT1 encoding a glycerophosphoinositol transporter localized in the plasma membrane; PHO86 encoding a protein required for the correct localization of Pho84p in the plasma membrane; PHO81, SPL2 and YPL110C encoding regulatory proteins, and several genes encoding various phosphate metabolism enzymes such as the PHM genes that are involved in polyphosphate synthesis or degradation (Pinson et al., 2004) .
For the transcriptional activation of PHO5, PHO10 and PHO11 the two DNA-binding proteins Pho4p, encoded by PHO4, and Pho2p, encoded by PHO2, are needed (Fig. 6.4) . Pho4p binds to a specific cis-acting regulatory site (UAS) in the promoter of all PHO genes (Oshima, 1997) , and Pho2p forms a ternary complex with Pho4p on a PHO promoter (Barbarić et al., 1996) . However, Pho2p does not have a direct function in the transduction of the extracellular phosphate levels, but interaction of the Pho2p/Pho4p/UAS ternary complex with basal transcription factors is considered to initiate transcription of the PHO genes (Magbanua et al., 1997) . Both PHO4 and PHO2 are transcribed at low levels (Yoshida et al., 1989) . PHO4 transcription is constitutive, whereas PHO2 transcription is self-regulated.
High extracellular phosphate concentrations result in phosphorylation of five serine residues in Pho4p by a complex of the negative regulators Pho80p and Pho85p (Kaffman et al., 1994) . This phosphorylated Pho4p is not imported into the nucleus (O'Neill et al., 1996) and therefore transcription of PHO genes is turned off (Fig. 6.4) . Pho81p, which is inactive under high extracellular phosphate concentrations, is activated when the extracellular phosphate level is sufficiently low. Activated Pho81p inhibits the function of the Pho80p-Pho85p complex (Ogawa et al., 1995) , thus allowing translocation of Pho4p into the nucleus, where Pho4p, together with Pho2p, activates the transcription of the PHO genes ( Fig. 6.4 ; Komeili and O'Shea, 1999) . PHO80 and PHO85 are transcribed constitutively at low levels (Madden et al., 1990) , whereas transcription of PHO81 is regulated by the level of extracellular phosphate by the same PHO regulon, indicating that the regulatory circuit forms a positive feedback loop (Ogawa et al., 1993) .
Regulation of phytate-degrading enzyme formation in plants
Studies in plant seeds and pollen indicate that there are constitutive and germination-inducible phytate-degrading enzymes. Thus, two main mechanisms appear to be involved in the regulation of phytate breakdown during germination: control of the activity of the hydrolytic enzymes and control of their rate of synthesis. Constitutive phytate-degrading enzymes, which are found in all seeds and pollen, are present in a fully active form in mature seeds and pollen, and are consid- Regulation of phytate-degrading enzyme formation in Saccharomyces. P PHO = PHO promoter; Pho2p, Pho4p = regulatory proteins (DNA-binding proteins); Pho81p = regulatory protein (inhibitor); Pho80p = cyclase; Pho85p = kinase; Pho84p, Pho89p = high-affinity phosphate transporters; PHOregulated genes = PHO5, PHO10 and PHO11 encoding repressible non-specific acid phosphatases; PHO8 encoding a non-specific repressible alkaline phosphatase; PHO84 and PHO89 encoding highaffinity phosphate transporters; GIT1 encoding a glycerophosphoinositol transporter; PHO86 encoding a protein required for the correct localization of Pho84p; PHO81, SPL2 and YPL110C encoding regulatory proteins; several genes encoding various phosphate metabolism enzymes such as the PHM genes.
ered to start phytate breakdown during imbibition. Germination-inducible phytate-degrading enzymes are synthesized de novo either from a long-lived, pre-existing mRNA as in lily (Lin et al., 1987) and petunia (Jackson and Linskens, 1982) , or by regulating enzyme synthesis at the level of transcription as in wheat , barley (Katayama and Suzuki, 1980) , maize (Maugenest et al., 1999) , pea (Kuvaeva and Kretovich, 1978) , mung bean (Mandal and Biswas, 1970) and lentils . In addition, there is good evidence for the activation of pre-existing inactive phytatedegrading enzymes during early stages of germination (Eastwood and Laidman, 1971; Gabard and Jones, 1986) . Many alternative ways can be suggested by which enzymes can be reversibly inactivated: folding; enclosure in, or attachment to, membranes; association or dissociation of subunits; or addition of a section to the polypeptide chain of the active protein. In such cases, during germination a reversal of these processes could occur.
Gibberellic acid and phosphate may control phytate degradation during germination, but so far there is only a small amount of contradictory information available on the effect of both compounds on phytate-degrading activity in plant seeds and pollen. In maize, gibberellic acid does not significantly alter the accumulation of phytate-degrading enzymes during germination (Maugenest et al., 1999) , but no information about its effect on phytate breakdown is available. An enhancement of phytate degradation by gibberellic acid without any effect on measurable phytate-degrading activity was found in barley (Gabard and Jones, 1986) and wheat (Eastwood and Laidman, 1971) . Gabard and Jones (1986) suggested that gibberellic acid merely increases the secretion of phytate-degrading enzymes, but does not stimulate their synthesis, thus giving phytate-degrading enzymes access to phytate. Eastwood and Laidman (1971) claimed that gibberellic acid stimulates phytate breakdown by releasing phosphate, a potent competitive inhibitor of many phytate-degrading enzymes (Konietzny and Greiner, 2002) , from aleurone cells, where most of the cereal phytate-degrading activity is located. In barley (Katayama and Suzuki, 1980) and lentils , gibberellic acid was shown to enhance phytatedegrading activity and phytate degradation during germination and it was concluded that this effect of gibberellic acid is due at least in part to a stimulation of de novo enzyme synthesis participating in phytate breakdown. Centeno et al. (2001) reported an increase in phytate-degrading activity accompanied by a reduction in phytate breakdown in rye and barley in the presence of gibberellic acid, but gave no interpretation for this apparently contradictory observation. Two main mechanisms appear to be involved in the regulation of phytate-degrading activity by phosphate. Most phytate-degrading enzymes are strongly inhibited by phosphate in vitro (Konietzny and Greiner, 2002) , so enzyme activity itself may also be controlled by phosphate in vivo (Eastwood and Laidman, 1971; Katayama and Suzuki, 1980) . Furthermore, it was concluded that phosphate also acts at the transcription level through repression of phytate-degrading enzyme expression .
One explanation for the inconsistency of the available data on the regulation of phytatedegrading activity in plant seeds and pollen during germination is the presence of several molecular forms of phytate-degrading enzymes in a certain plant (Kuvaeva and Kretovich, 1978; Goel and Sharma, 1979; Baldi et al., 1988; Konietzny et al., 1995; Hamada, 1996; Maugenest et al., 1999; Greiner et al., 2000b; Greiner, 2002) that are regulated in different ways and may have different physiological functions. Different analytical approaches to determine phytate-degrading activity may also contribute to the conflicting findings. It was previously shown that values obtained by extraction methods are considerably lower than those obtained by direct incubation methods (Greiner and Egli, 2003) .
In vivo Function of Phytatedegrading Enzymes
Phytate-degrading enzymes in plant seeds and microorganisms occur in multiple forms (Kuvaeva and Kretovich, 1978; Goel and Sharma, 1979; Baldi et al., 1988; Hamada, 1994; Konietzny et al., 1995; Maugenest et al., 1999; Greiner et al., 2000b; Cottrill et al., 2002; Greiner, 2002) . These forms may exhibit different stereospecificity of phytate dephosphorylation, be regulated in different ways, be directed to different localization within and outside the producing cell, and thus may have different physiological functions. As the classification of 'phytases' is solely according to their capability of hydrolysing phytate in vitro, some of these enzymes may not be involved in phytate degradation in vivo but may have completely different functions.
Proposed functions of phytate-degrading enzymes in plants
Phytate-degrading enzymes in higher plants occur predominantly in grains, seeds and pollen, but little information is available on their specific localization within these. In cereal seeds, phytate-degrading activity was found to be mainly associated with the aleurone layer (Gabard and Jones, 1986) , whereas in legume seeds it was reported to be located in the cotyledons (Gibson and Ullah, 1988; Hegeman and Grabau, 2001) . Further, the extraction of phytate-degrading activity is strongly enhanced by the presence of Triton X-100, suggesting an association with membrane structures (Scott and Loewus, 1986; Scott, 1991; Greiner and Egli, 2003) . The germination-inducible enzymes in particular are responsible for phytate breakdown during germination to make phosphate, minerals and myo-inositol available for plant growth and development . Some phytate-degrading activity is also found in plant roots (Hübel and Beck, 1996; Li et al., 1997; Hayes et al., 1999) , in which it may play a role in providing the central stele with minerals (Maugenest et al., 1999) or allow plants to use soil inositol phosphates. However, phytate appears to be only poorly utilized by plants, probably due to a combination of low phytatedegrading activity of roots and the low solubility of soil phytate (Hayes et al., 2000 ; see also Richardson et al., Chapter 15, this volume) . Thus, it was suggested that soil microorganisms colonizing the plant rhizosphere and producing extracellular phytate-degrading activity, such as Bacillus and Enterobacter ssp., or membrane-bound phytate-degrading enzymes such as those synthesized by mycorrhizal fungi, could act as plant growth promoting microorganisms by making phytate phosphate available to the plant (McElhinney and Mitchell, 1993; Richardson et al., 2001; Idriss et al., 2002) .
Possible roles of phytate-degrading enzymes in microbes
The efficient de-repression of phytate-degrading enzyme formation by phosphate starvation in most microorganisms suggests a possible role for these enzymes in providing the cell with phosphate. This is supported by the identification of a phytate-degrading enzyme in the stalk of Caulobacter crescentus, an aquatic bacterium that lives in oligotrophic environments where phosphate limits productivity (Ireland et al., 2002) . Phosphate uptake is one of the hypothesized functions of the stalks, which is enhanced when the stalks elongate during phosphate limitation. This increase in surface area, as well as the presence of a phytate-degrading enzyme, would allow the uptake of organic phosphate. With respect to phytate utilization it is also worth mentioning that cyanobacteria belonging to Rivulariaceae showed better growth in phytate when they form hairs compared to non-hair-forming Rivulariaceae (Whitton et al., 1991) . The assumption could also explain why, with the exception of sourdough bacteria, there is no clear evidence for lactic acid bacteria with the ability to degrade phytate. Lactic acid bacteria are adapted to environments rich in nutrients and energy where evolutionary selection pressure would not favour the capability to produce a phytate-degrading enzyme. Phytate-degrading enzymes in S. cerevisiae are part of the PHO protein family, which is involved in the scavenging and specific uptake of phosphate from extracellular sources (Lemire et al., 1985) . In E. coli, however, the phytate-degrading enzymes are not under the control of the PHO regulon (Touati et al., 1987) . Therefore, they do not appear to have a primary role in phosphate assimilation, even though they probably contribute to periplasmatic phosphate levels under certain conditions. The agp-encoded phosphatase acts primarily as a glucose scavenger, whereas the appA-encoded phosphatase is believed to have a role in stress protection. In E. coli, the primary response to the limitation of a specific nutrient is activation of a certain set of genes that improves uptake of the nutrient present in low concentration or allows the utilization of other substances that belong to the same class of nutrient. These nutrient-specific systems include the cAMP-CRP regulon for the use of alternative carbon sources, the NtrB/NtrC/σ 54 regulon that is induced under nitrogen limitation and the PhoB/PhoR regulon that is induced under phosphorus limitation, as well as systems for scavenging low concentrations of iron and other essential substances . If alternative nutrient sources are present in the growth medium, the cells continue to grow and divide. However, if the environment is totally exhausted of an essential nutrient, the cells enter into the stationary phase. In contrast to the specific responses, the nature of the stationary phase response does not appear to be dependent on the limiting nutrient. Thus, the reaction to nutrient limitation can be seen as a two-stage process. If the induction of the nutrient-specific responses remains unsuccessful (i.e. growth cannot be resumed), the stationary phase response is included. This secondary response involves a transition from a metabolic state aimed at maximal growth and cell division to a maintenance metabolism and the induction of many genes whose function it is to provide maximal protection against a large variety of stress conditions.
In contrast to most other microorganisms, anaerobic rumen bacteria are capable of tolerating a high level of phosphate without any negative impact on phytate-degrading enzyme formation (Yanke et al., 1998) . This unique ability may result in efficient phytate hydrolysis in the rumen, even under the high phosphate levels in the rumen fluid of ruminants fed concentrated feed. However, this raises the question about the physiological function of this bacterial phytate-degrading activity if phosphate limitation is not a problem.
Alternative functions of phytatedegrading enzymes
To provide the cell with phosphate, phytatedegrading enzymes must have access to phytate in the environment. Extracellular phytatedegrading enzymes have been identified in moulds and yeast, whereas in bacteria these enzymes are mainly cell-associated. The only bacteria showing extracellular phytate-degrading activity are those of the genera Bacillus (Powar and Jagannathan, 1982; Shimizu, 1992; Kerovuo et al., 1998; Kim et al., 1998) and Enterobacter (Yoon et al., 1996) . The phytate-degrading enzymes of E. coli have been reported to be periplasmatic proteins (Greiner et al., 1993) . However, phytate is equally well hydrolysed by both disrupted and intact E. coli cells (R. Greiner, 2005 unpublished data) . Consequently these enzymes appear to have free access in vivo to the substrates present in the surrounding medium. Phytate-degrading activity in S. ruminantium and M. multiacidus was found to be associated with the outer membrane, even though phosphate was released from phytate into the culture fluid by pure cultures (D'Silva et al., 2000) . It is not known how bacteria with an apparent lack of extracellular phytate-degrading activity, such as some Pseudomonas strains, either grow in the absence of a readily utilizable phosphate source or acquire phosphate. As no phosphate was detected in the growth medium either initially or throughout the growth period (Richardson and Hadobas, 1997) , phytate might be transported into the bacterial cells. Wang et al. (2004) suggested, for example, that in K. pneumoniae the gene encoding the phytate-degrading enzyme is co-transcribed from a polycistronic mRNA, which also acts as a template for an inositol phosphate transporter. The role of phytate-degrading enzymes is not limited to simple degradation functions in metabolic pathways. In fact, myo-inositol phosphate phosphatase activities were shown to be involved in signal transduction, cell division and microbial pathogenesis (Craxton et al., 1997; Zhou et al., 2001) . The discovery of myo-inositol fluxes as a result of pathogen infections is an intriguing finding, particularly as phospholipid signalling plays a critical role in many host cell functions, including those affecting cellular survival and regulation of intracellular membrane trafficking (DeVinney et al., 2000) . Although several pathogens trigger myo-inositol phosphate fluxes, different mechanisms appear to be involved. Many gram-negative animal and plant pathogens have developed specialized type III secretion systems to translocate bacterial proteins directly into the eukaroytic host cell (DeVinney et al., 2000) . These can influence survival, internalization and replication of the pathogens. For enteropathogenic E. coli, Helicobacter pylori and Salmonella typhimurium it was proposed that intimate contact between the pathogen and the host cell stimulates host cell phospholipase C activity, resulting in the cleavage of phosphatidylinositol 4,5-bisphosphate into the second messengers D-myo-inositol 1,4,5-trisphosphate and diacylglycerol (Ruschkowski et al., 1992; Foubister et al., 1994) . For Listeria monocytogenes, a secreted phosphatidylinositol-specific phospholipase C (PI-PLC) was suggested to be an essential determinant of their pathogenesis (Camilli et al., 1991) .
A number of further gram-positive human pathogens secrete PI-PLCs, including Staphylococcus aureus, Clostridium novyi, B. cereus and B. anthracis (Low, 1989) . Salmonella dublin was reported to modulate host cell signalling pathways by translocating at least two proteins, SopB and SopE (Zhou et al., 2001) . SopB exhibits myoinositol phosphate phosphatase activity and specifically dephosphorylates D-myo-inositol 1,3,4,5,6-pentakisphosphate to D-myo-inositol 1,4,5,6-tetrakisphosphate. A phosphatase capable of catalysing the same reaction was also found in other Enterobacteriaceae family members, such as E. coli (Cottrill et al., 2002) , P. agglomerans (Greiner, 2004) and E. cloacae (R. Greiner, 2004 unpublished data) . Due to the unique myo-inositol phosphate phosphatase activity of these enzymes, Cottrill et al. (2002) raised the question of a role for them in microbial pathogenesis or cellular myo-inositol phosphate metabolism. However, in contrast to SopB (Norris et al., 1998) , these three enzymes also hydrolyse phytate in vitro. SopE has no inherent phosphatase activity, but is proposed to activate an endogenous cellular myo-inositol phosphate phosphatase (Zhou et al., 2001) . In addition, both SopB and SopE stimulate cellular responses that lead to host cell phospholipase C activation.
Xanthomonas oryzae pv. oryzae, an important rice pathogen, has been suggested to require a Bacillus-like phytate-degrading enzyme for optimal virulence (Chatterjee et al., 2003) . Homologues of this gene are also present in the genomes of X. campestris pv. campestris and X. axonopodis pv. citri. The enzyme is secreted and may interfere with myo-inositol phosphate-based signalling processes in plants. Differences between this Xanthomonas protein and the Bacillus phytate-degrading enzyme, specifically in residues involved in the binding of the phosphate residue attached to the D-2 position of the phytate molecule (Chatterjee et al., 2003) , may result in an inability to bind phytate and other myoinositol phosphates phosphorylated at the D-2 position. Therefore, this Xanthomonas enzyme may exhibit a myo-inositol phosphate phosphatase activity that emulates the virulence-associated SopB phosphatase from S. dublin.
Position D-2 is the only one in axial orientation, and all myo-inositol phosphate intermediates identified so far during enzymatic phytate breakdown are phosphorylated in this position. However, with the exception of phytate itself, intracellular myo-inositol phosphates are always dephosphorylated at the D-2 position. The cell may therefore discriminate between intra-and extracellular-generated myo-inositol phosphates by the phosphorylation status of the D-2 position of the myo-inositol ring. Further, a considerable body of evidence supports the hypothesis that the phosphorylation status of the D-2 position is used to independently control the synthesis and breakdown of phytate in the plant kingdom. For example, this was concluded from the myo-inositol phosphates identified in a development stage of the plant Spirodela polyrhiza L., which is associated with massive accumulation of phytate (Brearly and Hanke, 1996a,b) . None of these myo-inositol phosphates was phosphorylated at the D-2 position of the myo-inositol ring.
Conclusions and Future Research Directions
Until now, research on phytate-degrading enzymes has focused almost exclusively on making enzymes available that are suitable for use as animal feed additives. The in vivo function of phytate-degrading enzymes has therefore received little attention. So far, only the germinationinducible phytate-degrading enzymes of plant seeds could be called phytases. Their action upon phytate is considered likely, because the breakdown of phytate during germination makes phosphate, minerals and myo-inositol available for plant growth and development. As formation of extracellular phytate-degrading enzymes in moulds and yeast is triggered by phosphate starvation, these enzymes hydrolyse organic phosphates, including phytate, to provide the cell with phosphate from extracellular sources. These enzymes are therefore non-specific phosphatases that exhibit phytate-degrading activity. The in vivo function of other phytate-degrading enzymes is mainly speculative. In addition to providing the cell with phosphate as mentioned above, a role in stress response or bacterial pathogenesis has been assumed. Information on the regulation of phytatedegrading enzyme formation might shed light on the in vivo role of phytate-degrading enzymes. Extensive studies have so far been performed only for E. coli and S. cerevisiae, although some information on the regulation of phytate-degrading enzyme formation is also available for R. terrigena and germinating cereal and legume seeds. The majority of studies, however, were performed on a trial-and-error basis to optimize medium composition with respect to phytatedegrading enzyme yields. Micro-arrays should be used to learn more about the regulation of phytate-degrading enzyme formation and their in vivo functions, in addition to classical biochemical and molecular approaches. Running transcriptome projects may provide useful information on the expression of genes encoding phytate-degrading enzymes. There are already large data-sets, e.g. for yeast (http://www.transcriptome.ens.fr/ymgv) and Arabidopsis (https://www.genevestigator.
ethz.ch), online which could be mined for the information they contain on the environmental and biotic factors that contribute to expression of genes encoding phytate-degrading enzymes.
In addition to understanding the regulation of phytate-degrading enzyme formation and their in vivo function, a number of other important questions remain to be answered. Only a relatively small number of organisms have been identified as being able to utilize phytate as the sole phosphate or phosphate and carbon source, but the prevalence of this ability among microbes remains unknown. More information is required on the ecology of phytate-utilizing bacteria, where they occur, and the site of phytate dephosphorylation. Furthermore, it has not been clearly established that only extracellular phytatedegrading enzymes make phytate-phosphate available to the microbial cell. It therefore remains possible that phytate is transported intact across the microbial cell wall to be dephosphorylated within the cell.
